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Abstract. This study presents the results of a historic recon-
struction based upon documentary sources of precipitation
and ﬂoods during the last ﬁfty years of the 16th century in
Central Spain. We used data from primary sources contem-
porary to the events rather than compilations or secondary
references. These documents belong to the institutions that
administered the study area during the time period of inter-
est and consist of municipal or monastic minute books and
administrative texts from properties belonging to the nobility
and royal family. Direct data that explicitly describe meteo-
rological or ﬂood-related events are haphazardly distributed
throughout personal correspondence and various reports, and
the sizes of ﬂoods or precipitation events can also be deduced
from indirect data. We analysed the qualitative data by trans-
forming them into numerical indices of intensity/duration for
precipitation and intensity/area for ﬂoods. We differentiated
three sets of years that presented different hydrological pat-
terns. The ﬁrst period, from 1554 to 1575, exhibited regular
precipitation patterns associated with low-intensity ﬂoods.
The second, from 1576 to 1584, was characterised by low
precipitation levels and few ﬂoods. The third, from 1585
to 1599, showed intense precipitation with large ﬂoods inter-
spersed with long-lasting droughts. We interpret these results
in the context of the environmental and land-use patterns of
the time period studied, which coincided with a period of low
temperatures.
1 Introduction
The central Iberian Peninsula exhibits a continental Mediter-
ranean climate and lies on both sides of the mountains of the
IberianCentralSystem. Runoffchannelledfromthesemoun-
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tainsreachestheﬂuvialbasinsoftheDueroRivertothenorth
and the Tagus River to the south. Glacial cirques formed on
the mountaintops during the Pleistocene, and abundant snow
accumulation still occurs in winter, along with periglacial ac-
tivity associated with numerous freeze-thaw cycles (Fig. 1).
The divide formed by the Iberian Central System, which
runs from northeast to southwest, acts as a biogeographic
boundary. Precipitation decreases progressively with dis-
tance from these mountains. Temperatures are also moder-
ated from this central point outward but remain lower to-
ward the north than toward the south. In general, supra-
Mediterranean bioclimatic conditions are maintained in the
northern basin, whereas a typical Mediterranean climate
dominates in the southern basin (Tagus), with a tendency to-
ward aridity (Peinado-Lorca and Rivas-Mart´ ınez, 1987).
Notable climatic reconstruction studies for the central
Iberian Peninsula include those on precipitation and droughts
conducted by Dominguez-Castro, et al. (2008) and Rodrigo
and Barriendos (2007). These researchers studied areas lo-
cated to the south of our study area, and they utilised an-
nual cereal production data and information conserved in the
cathedral of Toledo concerning rogation ceremonies. Among
publications related to the 16th century in Europe, those of
Glaser et al. (1999) report ﬂuctuations in temperature and
precipitation, while those of Br´ azdil et al. (1999) concern
ﬂooding events. Global overviews of the methodology and
interpretation of historical climatology during past centuries
in Europe can be found in individual works (Pﬁster, 1984;
Pﬁster and Brazdil, 1999; Glaser, 2001, 2008) and in collec-
tive works (Garcia-Herrera et al., 2005; Br´ azdil et al., 2006;
Glaser et al., 2010; Luterbacher et al., 2010; Zorita et al.,
2010).
The morphological and biogeographical histories of the
main rivers of the Tagus basin are well known (Alonso et
al., 1988; Molina, 2002; Uribelarrea et al., 2003). Historical
ﬂood events in the Duero basin have also been compiled in
a previous study (Loureiro, 2003). Contemporary data for
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Fig. 1. Map of the study area, corresponding to the geographic
region covered by the analysed documents. The Duero river basin is
located to the north, and the Tagus river basin is located to the south.
The extent of the map is based upon the administrative borders of
Madrid and Segovia. Broken line=Spanish Central System divide;
numbers=gauging stations.
the Tagus basin show strong inter-annual oscillation of the
peak discharges of all rivers in the basin, although it is difﬁ-
cult to accurately establish the natural irregularity due to the
intensive regulation of the rivers through the construction of
upstream reservoirs (Gallego, 2006). Furthermore, it is difﬁ-
cult to determine the discharge volumes of larger ﬂoods due
to limitations of the gauging stations. Therefore, reconstruc-
tions based on documentary data provide a valuable comple-
ment.
Based on sedimentary studies of palaeoﬂoods in the Tagus
basin downstream from the study area, previous studies
(Benito et al., 2003a, b, 2008; Thorndycraft and Benito,
2006) have established that, although the maximum dis-
charge recorded during the Holocene is 4100m3 s−1, most
of the large ﬂoods with a stratigraphic record during this pe-
riod had volumes close to 2000m3 s−1. These authors indi-
cate that the peak discharge of the largest ﬂoods in the study
area during the historic period from 1563 to 1599 was greater
than 400m3 s−1. According to reconstructions of landmarks,
the largest known contemporary ﬂood (in 1878) had a peak
discharge of more than 1000m3 s−1.
This study concerns climatic variability in inland areas of
southernEuropeandtheanalysisofclimaticconditionsinthe
16th century, a period for which very little climatic or hydro-
logical information exists. A large amount of previously un-
published ﬂood data is also presented herein. Consequently,
the present study greatly increases our knowledge of natural
river regimes long before the existence of gauging records.
Our research contributes to the collection of historic records
for use in ﬂood prevention, as outlined in European Directive
903/60, which relates to the evaluation and management of
ﬂooding risk.
The speciﬁc objectives of the present study are (1) to iden-
tify the different kinds of ﬂoods described in the documents
analysed; (2) to deﬁne the relationships between ﬂoods and
precipitation; (3) to analyse the differences and similarities
in the data between the two river basins in the study area;
and (4) to deﬁne the principal features of hydrometeorologi-
cal trends at the end of the 16th century.
2 Methodology
We used written documentary sources that provide direct in-
formationrelatingtotheimpactofhydrologicalandmeteoro-
logical events on people, goods, and services. By transform-
ing qualitative data into numerical indices, we also obtained
information about the intensity, magnitude, and frequency
of such events from these documents. We consulted docu-
mentary collections held in the Palace General Archive; the
Simancas General Archive; the National Historic Archives;
the Archive of the San Lorenzo del Escorial Monastery; and
the Segovia, Madrid and Torrelaguna Municipal Archives
and manuscript sections located at the Spanish National Li-
brary and the British Library.
2.1 Data acquisition
Data were collected directly from sources contemporary to
the events. The veracity of the compiled data is supported
by its high level of temporal and spatial coherence and by
the correspondence between the events described and those
referred to by other people on the same dates and in other
places. These various primary sources were not only unac-
quainted with each other but also had different interests.
The sources consulted were documents conserved by the
administrators of the territory involved, which in the 16th
century had a complex property structure. The area was gov-
erned, sometimes in an overlapping manner, by municipali-
ties owning vast areas of land; nobles possessing large ter-
ritories in an almost feudal regime; monasteries with the ca-
pacity to control land uses and the corresponding production;
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and the royal family, which sometimes acted in the manner of
nobles with territorial interests and sometimes as a legislator
and enforcer of laws that affected everyone.
We consulted the following types of documents:
1. Municipal minute or agreement books, characterised by
highly formal, concise written records. These records
often provide data about the damages caused by rainfall
or ﬂooding to buildings, bridges, vegetable gardens, and
forests. They also provide detailed descriptions of day-
to-day life such as problems relating to market supply;
the effects of droughts, cold snaps, or excessive rainfall;
disease outbreaks; and other needs of the population.
2. Monastery minute books. These documents are highly
formal and provide the most objective and continuous
data, including records of the wheat trade and books
reporting the tithes levied on annual cereal production.
Furthermore, these documents occasionally contain re-
ports on particular events of interest.
3. Administrative documents from property belonging to
nobles. These documents include contracts to exploit
pastures and woods; requests to plant crops on new
land; land-use regulations in villages belonging to the
nobility; and collections of ﬁles describing incidents
such as repairs to roads, bridges, and riverbanks.
4. Royal administrative documents. These documents
contain reports on the state of natural areas and of
buildings, dams, bridges, and structures meant to pro-
tect royal properties against river ﬂoods. We also ex-
amined collections of private correspondence from the
royal family to their secretaries, administrators, nobles,
and abbots directly describing various events, including
weather. In addition, we consulted collections of bills
and invoices from the dates of interest referring to re-
pairs to royal buildings. These records sometimes in-
dicated the cause of the damage, which was frequently
related to rainfall or rivers overﬂowing their banks.
It was not possible to extend our analysis to later centuries
because around the 17th century, many of the sources em-
ployed ceased to provide the required information or disap-
peared completely.
After collecting the relevant information, we organised the
data into coherent clusters based upon one or several well-
characterised events. To these clusters, we added informa-
tion with similar dates that lacked signiﬁcance in isolation
but that could enhance or complete the ﬁnal interpretation.
We interpreted and veriﬁed the information by checking its
concordance with well-documented historical facts and the
absence of contradictions between different sources of infor-
mation from the same date. We performed ﬁeldwork based
on the inferred scenarios to determine the geomorphological,
hydrological, and climatic contexts of the events. Likewise,
we consulted cartographic drawings from the area to estab-
lish the locations of places, properties, and demarcations that
do not currently exist (Kagan, 1989; Bull´ on, 2006).
2.2 Data interpretation
To interpret the data, we ﬁrst assigned an occurrence date to
each event. Although the documents were usually dated with
a day, month, and year, the events described therein could
refer to different time scales. We then categorised the type of
information obtained. The resulting compilation contained
both explicit data concerning large increases in river ﬂows or
precipitation, which usually included the location, intensity,
and date, and implicit data concerning ﬂooding damage or
rainstorms and their consequences. We therefore designated
two data categories:
1. Direct data, which explicitly describe a meteorolog-
ical or ﬂood-related event, sometimes with informa-
tion about the resulting damages or observable con-
sequences. These data are haphazardly distributed
throughout a variety of documents. They do not con-
stitute systematically collected datasets intended to ob-
jectively record these events. The main sources of direct
data are personal letters, reports on the state of nature,
and explanations and reasoning relating to the events
that had taken place. To interpret these data, we consid-
ered the professional station of the author, his responsi-
bility for the statements contained in the document, and
the public or private nature thereof.
2. Indirect data, which refer to associated damages or ben-
eﬁts without directly mentioning the phenomenon re-
sponsible. There are three categories of indirect data:
(1) those relating to biological development, includ-
ing the number and state of health of game animals,
croplands, pastures, and forests; (2) geomorphologi-
cal and ﬂuvial dynamics causing erosion or sediment
load in rivers; and (3) damage to structures situated on
riverbanks or ﬂoodplains such as mills, dams, bridges
or buildings, or to roofs or walls which may deterio-
rate during precipitation events. Because the quality of
thesestructuresdifferedgreatlyfromthatofpresent-day
structures, it is difﬁcult to estimate the scope of pre-
cipitation or ﬂooding based upon the damage caused to
buildings or public works. To interpret these data, we
estimated the relative resistance of each type of struc-
ture by noting the frequency with which it was seen to
deteriorate.
2.3 Conversion of data into numerical indices
We calculated numerical indices to enable statistical analysis
of the data. Transforming qualitative data into numerical val-
ues is a standard practice in studies of historical climatology
or hydrology (Glaser et al., 1999; Glaser, 2001; Barriendos
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and Coeur, 2004; Br´ azdil et al., 2005; Br´ azdil et al., 2010;
Llasat et al., 2004; Martin-Vide and Barriendos, 1995). We
followed criteria based upon the procedures used by these
previous authors, but we designed our own indices adapted
to the peculiarities of the data employed.
Thedataonbothprecipitationandﬂoodsprimarilyexpress
the extent of the phenomena. This information is also implic-
itly contained in records concerning the durations of precip-
itation events and the magnitudes of ﬂoods. Consequently,
we used the following concepts to deﬁne our quantitative in-
dices:
Intensity: The estimated extent of an event, which is the
best-documented datum passed down to the present time.
Duration: The temporal development of an event, which
is related to the cause of the atmospheric instability that
gave rise to the precipitation event. This index was used
to represent the three most frequent types of precipitation
in Central Spain, which are well documented for the central
Iberian Peninsula. These types are convective precipitation
events, which are locally and temporally limited; precipita-
tioneventscausedbywetspells, whichproducerainorsnow-
fall that tends to last several days or weeks; and situations of
generally persistent instability lasting more than one month
or season, which occur when the value of the North Atlantic
oscillation index is negative (Lopez-Rey and Yag¨ ue, 2009;
Pauling et al., 2006).
Area: This index is based upon the hydrological stream
ordering of the channel segment involved in a documented
ﬂood and differentiates between ﬂoods of similar intensity in
different sectors of a basin because the discharge volume of
a ﬂood differs between the riverhead and lower river sections
(Tables 1 and 2).
All of these criteria were integrated to obtain combined in-
dicesofintensity/durationforprecipitationandintensity/area
for ﬂoods. The intensity of both ﬂoods and precipitation
events was considered to be the clearest and most dominant
parameter, whereas duration or area was complementary and
introduced some variation among events of similar intensity.
The ﬁnal value of each of these combined indices was calcu-
lated as the sum of 70% of the intensity value and 30% of
the duration (precipitation) or area (ﬂoods).
The qualitative concepts described in the texts were con-
verted into numerical values according to the following cri-
teria.
2.3.1 Precipitation
Intensity: 1=occurrence of precipitation without any qualiﬁ-
cation or associated damages; good crop and pasture growth
of crops and pastures; good health of wild animals (deer)
during the autumn; and favourable tree growth. 2=Intense
precipitation, usually associated with damage to roofs and
collapse of walls exposed to rainfall; destruction of roads,
streets becoming rivers, widespread appearance of water
seepage and pooling in buildings; and cereal harvests that
fail to mature in the spring due to excessive moisture.
3=Extraordinary precipitation with obvious damage or con-
sequences, generally represented by direct data and associ-
ated with large ﬂoods.
Duration: 1=one or several days; 2=several weeks;
3=one month or more.
2.3.2 Floods
Intensity: 1=annual or seasonal ﬂoods causing little dam-
age; generally beneﬁcial in sections with ﬂoodplains in terms
of fertilising the land or irrigating crops, pastures, and trees;
any other increase in discharge volume causing little dam-
age to trees or riverbanks and debilitated bridges or barges.
2=Floods damaging well-built infrastructure; erosion or ob-
vious accumulation of gravel on riverbanks; transport of tim-
ber along a badly damaged river. 3=Extraordinary ﬂoods
causing generalised damage, with water invading wide ﬂood-
plain areas; major destruction of economic goods; drown-
ing of many domestic and wild animals; inaccessibility of
bridges over regional rivers, destruction or serious damage
to bridges over large rivers; and modiﬁcations in channel
shape. These ﬂoods frequently occurred simultaneously in
the Tagus and Duero basins.
Area: 1=Headwater sections and ephemeral streams;
2=hydrologically well-organised mid-river sections with
permanent discharge; 3=regional sections draining a wide,
shallow area.
Some examples illustrating the qualitative conversion of
precipitation and ﬂood data from original texts are given be-
low.
Example 1: “This Saturday at midday eight days ago, it
started to rain and has not stopped since.” (Simancas General
Archive, April 1570); intensity=1, duration=2.
Example2: “Therainshavebeenveryheavyhereandhave
soaked the foundations of the stables and the mangers are full
of water; the same thing occurred one year ago.” (Simancas
GeneralArchive, June1567); theconversionassignedthereto
was intensity=2, duration=3.
Examples of the qualitative conversion of data on ﬂoods
are: Example 3: “In the month of May, I passed over the
Fuenfr´ ıa mountain pass and found that the streams had de-
stroyed the royal road from the Guadarrama summit, leaving
many stones scattered on it.” (Palace General Archive, May
1564); the assignation given thereto was intensity =3, area
=1 because the event occurred in a riverhead section, where
movement of the sedimentary load in streams is unusual.
Example 4: “...the rivers are very swollen and it is not
possible to cross them.” (Simancas General Archive, January
1574); intensity=2, area=2 because this ﬂood affected local
rivers.
Example 5: “There have been big ﬂoods; the river has in-
vaded the ﬂoodplain, causing serious damage and drowning
the small game.” in the lower river section of the Tagus river
basin, and “The year was so rainy and there were so many
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Table 1. Mean annual discharge and peak discharge of river sections in the Tagus basin, showing the range of area used to calculate the
quantitative indices. The locations of the gauging stations are shown in Fig. 1.
River/number Mean Annual Peak Discharge Basin size Height Area
in Fig. 1 discharge (m3 s−1) (km2) (m) score
(m3 s−1)
Lozoya/1 1.41 46.2 42 1270 1
Manzanares/2 2.165 120.52 505 537 2
Perales/3 0.667 79.66 261 497 2
Jarama/4 36.998 1854.4 11549 491 3
Tajo/5 33.35 211 9340 490 3
Table 2. Mean annual discharge and peak discharge of river sections in the Duero basin, showing the range of area used to calculate the
quantitative indices. The locations of the gauging stations are shown in Fig. 1.
River/number Mean Annual Peak Discharge Basin size Height Area
in Fig. 1 discharge (m3 s−1) (km2) (m) score
(m3 s−1)
Eresma/6 3.41 58.92 252 900 2
Moros/7 2.12 93.76 252 940 2
Pir´ on/8 1.26 51.05 172 869 2
Voltoya/9 0.82 70.16 140 1089 2
Duero/10 35.40 774.08 12740 690 3
Source for Tables 1 and 2: Hydrographical Studies Centre (CECEX): http://hercules.cedex.es/anuarioaforos/afo/estaf-mapa gr cuenca.asp and also author.
ﬂoods that the miller was ruined...” in the middle river sec-
tion of the Duero river basin (Archive of San Lorenzo del
Escorial Monastery, July 1591); intensity=3, area=3 for the
Tagus basin, and intensity=3, area=2 for the Duero basin.
2.4 Statistical data analysis
The resulting data series were standardised. We then em-
ployed three different groups of statistical analyses:
1. First, we constructed cross-tables containing annota-
tions for each year and season of ﬂoods and precipi-
tation, with three possible states: coincidence of ﬂoods
and precipitation in the same season and year; only pre-
cipitation in a particular season and year; or only ﬂoods
in a particular season and year. The coincidence of pre-
cipitationandﬂoodsinthesameseasonandyearreﬂects
the quality of the information compiled. When only
precipitation is indicated, the information may be com-
plete; but if only ﬂoods are recorded in a given season
and year, the data may be incomplete and/or the effects
of the ﬂoods may have been greater than the precipita-
tion events that caused them. The absence of data was
interpreted as a year or season with little precipitation.
Second, we determined the different intensities of the
ﬂoods and precipitation events.
2. We studied the statistical characteristics of the series of
intensity scores for both precipitation events and ﬂoods
using the most appropriate normality test based upon
the basic statistics deﬁning these series.
3. We examined the temporal evolution of the precipita-
tion and ﬂooding patterns by examining the smoothed
standard curves using a ﬁve-year moving average to test
the medium- and long-term variability of the data and
Mann-Kendall’s nonparametric sequential test. Finally,
we calculated the slope of the linear regression versus
time in cases of statistical signiﬁcance.
3 Results
3.1 Results of the cross-tabulation
In the Duero basin, ﬂoods and precipitation events coincided
in20%ofcasesduringthespringand18%duringthewinter.
The data recorded precipitation only in 13% of cases during
the spring and 11% during the winter. The data recorded
ﬂoods without any indication of precipitation in 4% of cases
during the spring and 11% during the winter. In the Tagus
basin, ﬂoods and precipitation events coincided during 16%
of cases during the spring and 12% during the winter. Pre-
cipitation without ﬂoods occurred in 14% of cases during the
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spring and 11% during the winter. Floods without precipita-
tion data occurred in 2% and 4% of cases during the spring
and winter, respectively. The similarity of the data for the
two basins indicates the quality of the information obtained.
However, the number of ﬂoods not associated with winter-
time precipitation in the Duero basin appears high, which
may indicate a deﬁcit of precipitation data during this season
of the year.
In the combined dataset, 17% of cases during the spring
and 20% of cases during the winter represented coinciding
precipitation events and ﬂoods; 9% and 10% of cases during
the spring and winter, respectively, represented precipitation
only; and 3% and 5% of cases during the spring and winter,
respectively, represented ﬂoods only. This fusion of the data
for the two basins improves the data structure, especially in
reference to winter, because the co-occurrence of precipita-
tion and ﬂoods increases while the occurrence of precipita-
tion or ﬂoods alone decreases (Table 3).
Floods coincided in both basins during 13 of the 34yr in
which such events occurred, although the ﬂooding was not
always of equal intensity in the two basins. Events during
the spring coincided more often (40%) than those during the
winter (30%). The largest and most widespread ﬂoods oc-
curred in 1557, 1591, and 1594.
3.2 Precipitation and ﬂooding data series in the Tagus
and Duero basins
3.2.1 Determination of intensities and frequencies
Floods occurred (with or without damage) during a total of
31yr in rivers within the Tagus basin and during 19yr in
the Duero basin. The total number of ﬂood records across
all seasons was 51 in the Tagus basin and 29 in the Duero
basin. The correlation coefﬁcient (r) between precipitation
events and ﬂoods was 0.68 in the Tagus basin and 0.55 in
the Duero basin. In the Tagus basin, 41% of ﬂoods were iso-
lated or caused no damage, 36% of ﬂoods caused some dam-
age, and 23% of ﬂoods caused generalised damage. In the
Duero basin, 30%, 55%, and 15% of ﬂoods were grouped
intoeachofthesecategories, respectively. IntheTagusbasin,
the riverhead was affected in 9% of cases, mid-river sections
in 33% of cases, and lower river sections in 52% of cases.
In the Duero basin, these percentages were 13%, 78%, and
9%, respectively. Floods occurred from October to January
and from March to May, decreasing considerably from June
to September. Floods were concentrated during the spring
(35%), autumn (23%), and winter (33%) in the Tagus basin
and during the spring (43%), autumn (15%), and winter
(42%)intheDuerobasin. IntheTagusbasin, 66%ofspring-
time ﬂoods occurred in lower river sections, but winter and
autumn ﬂoods occurred along all river sections, including the
riverhead. No appreciable seasonal differentiation occurred
in the Duero basin. Some isolated ﬂoods during the summer
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Figure 2. Standard five year moving average curves of floods (solid line) and 
precipitation (broken line) in the Tagus basin. Y axis = deviation from normal value; X 
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Figure 3. Standard five year moving average curves of floods (solid line) and 
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Fig. 2. Standard ﬁve-year moving average curves of ﬂoods
(solid line) and precipitation (broken line) in the Tagus basin.
Y-axis=deviation from normal value; X-axis=yr.
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Fig. 3. Standard ﬁve-year moving average curves of ﬂoods
(solid line) and precipitation (broken line) in the Duero basin.
Y-axis=deviation from normal value; X-axis=yr.
and autumn indicate a certain degree of exceptional convec-
tive activity.
Abundant precipitation occurred during the autumn, win-
ter, and spring of 1554 to 1573. However, precipitation de-
clined substantially in subsequent years during all seasons,
particularly spring, especially from 1574 to 1584. Precipita-
tion levels partially recovered around the end of the century
(Figs. 2 and 3).
The data from the Tagus and Duero basins reveal simi-
lar patterns of behaviour for both ﬂoods and precipitation
events (Fig. 4). Regardless of other inﬂuences, the funda-
mental cause of this similarity is probably the existence of a
similar rainfall regime in which the main agent appears to be
the Atlantic precipitation fronts. These fronts reach the cen-
tral Iberian Peninsula from October to December and from
March to May. In both basins, their intensity increases due
to the presence of the mountain range.
3.2.2 Statistical analyses
All of the series passed the Kolmogorov-Smirnov normal-
ity test. The Wilcoxon signed-rank test for related samples
indicated no statistically signiﬁcant differences among each
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Table 3. Relationships between precipitation and ﬂoods in the Tagus and Duero basins.
Tagus Duero Both basins
% Precipitations and ﬂoods
Spring 16 20 17
Winter 12 18 20
% Precipitations
Spring 14 13 9
Winter 11 11 10
% Floods
Spring 2 4 3
Winter 4 11 5
Source: author
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Figure 4. Standard five year moving average curves of floods (solid line) and 
precipitation (broken line). For both basins, Y axis = deviation from normal values; X 
axis = years. 
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Figure 5. Sequential Mann  Kendall curves of precipitations. Normal series (solid line), 
backward series (broken line). Tagus and Duero basins. Y axe =Man Kendall index (ut) 
and (ut’) . X axe= years. 
 
 
 
Fig. 4. Standard ﬁve-year moving average curves of ﬂoods
(solid line) and precipitation (broken line). For both basins,
Y-axis=deviation from normal values; X-axis=yr.
of the ﬂood and precipitation intensity groups for the Tagus
andDuerobasins. Theρ Spearmanandτ Kendallcorrelation
coefﬁcients were signiﬁcant at the 0.05 level, with values of
0.399 and 0.231, respectively.
During the ﬁrst period (1554–1573), the intensity of pre-
cipitation was greater than the intensity of minor ﬂoods.
During the third period (1585–1599), precipitation was less
intense, whereas ﬂoods were more intense. These trends
occurred in similar proportions in both basins (Table 4).
Springtimeprecipitationdeclinedsharplyfrom1574to1599,
compared with all previous years in each basin.
3.3 Combined analysis of precipitation and ﬂood series
Groups of years that exhibited similar behaviour patterns in
relation to ﬂoods and precipitation were indicated by Mann-
Kendall’s sequential test. In the test for precipitation (Fig. 5),
we identiﬁed a well-deﬁned phase ending around 1575 that
corresponded to the period with the greatest abundance of
precipitation. Another highly homogeneous phase began in
1576 and extended to the end of the data series. The overall
trend of this series was negative.
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Figure 5. Sequential Mann  Kendall curves of precipitations. Normal series (solid line), 
backward series (broken line). Tagus and Duero basins. Y axe =Man Kendall index (ut) 
and (ut’) . X axe= years. 
 
 
 
Fig. 5. Sequential Mann- Kendall curves of precipitations. Normal
series (solid line), backward series (broken line). Tagus and Duero
basins. Y-axis = Man-Kendall index (ut) and (ut0); X-axis = yr.
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Figure 6. Sequential Mann  Kendall curves of floods. Normal series (solid line) , 
backward series (broken line). Tagus and Duero basins. Y axe =Man Kendall index (ut) 
and (ut’) . X axe= years. 
 
 
Fig. 6. Sequential Mann- Kendall curves of ﬂoods. Normal series
(solid line), backward series (broken line). Tagus and Duero basins.
Y-axis = Man-Kendall index (ut) and (ut0); X-axis = yr.
In the sequential test for ﬂoods (Fig. 6), we found no ap-
preciable general trend, although oscillations above and be-
low the stability value occurred. An initial oscillation up to
1576 coincided with the period of maximum precipitation.
Another phase, lasting until 1592, corresponded to low-
intensity ﬂooding. A third oscillation at the end of the data
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Table 4. Percentages of ﬂoods and precipitation by basin and time period.
TAGUS BASIN DUERO BASIN
% Precipitations % Floods % Precipitations % Floods
1554–1573 60 45 77 63
1585–1599 27 43 20 36
Source: author
Table 5. Correlations between precipitation and ﬂoods.
ρ Spearman α τ de Kendall α
Precipitation/yr −0.54 0.00 −0.28 0.01
Precipitation/ﬂood 0.53 0.00 0.34 0.00
Source: author
Table 6. Linear regression of precipitation slope.
slope error signiﬁcance
Precipitation/yr −0.03 0.00 0.00
Source: author
series coincided with the large ﬂoods of 1594–1599. De-
spite these differences, the ρ Spearman and τ Kendall cor-
relations between precipitation and ﬂoods were moderately
high and signiﬁcant (Table 5). The slope of the linear re-
gression line was signiﬁcant for precipitation, with a value
of −0.03 (Table 6), but it showed no deﬁned trend and was
not signiﬁcant for ﬂoods.
4 Discussion
The greater abundance of ﬂoods in the Tagus basin compared
to the Duero basin is probably due to the greater hydro-
graphic complexity of the former basin. The data from the
Tagus basin refer to mid-river and lower sections, whereas
those from the Duero basin represent the riverhead and mid-
river sections. The high frequency of low-intensity ﬂoods in
the Tagus basin is associated with the periodic inundation of
the ﬂoodplains, which is a phenomenon that does not occur
in the portion of the Duero basin considered here.
Precipitation exhibited a negative slope of −0.030 (Ta-
ble 6), indicating that across the 45yr considered, there was
a global decrease of 1.38 points below the normal value of
this series. This decline in precipitation was sharper during
the spring than during the autumn and winter and had en-
vironmental and economic consequences. Many of the data
collected indicate deterioration of the forests and the need to
repair springs used to supply water to the population. Sim-
ilarly, the lack of pastures during the springtime may have
impaired livestock productivity. Studies of cereal harvests,
which depend directly on spring rainfall, indicate that har-
vest volumes declined by 60% during the 1590s compared
with the previous wetter period (Bull´ on, 2009).
Comparison with current data shows substantial similarity
to the historic records studied here. Wet and dry periods fre-
quently alternate in the Iberian climate and characterised its
evolution during the 20th century (Sousa et al., 2011). Dur-
ing dry periods, spring rainfall declines most (Paredes et al.,
2006), especially during March in the western-central sector
of the Iberian Peninsula. The precipitation data obtained here
are also consistent with the precipitation reconstructions per-
formed by Dominguez-Castro et al. (2008) and Rodrigo and
Barriendos (2007).
Floods show no deﬁned tendency, being equal in intensity
at the beginning and end of the time period considered. The
time lag between precipitation events and ﬂoods appears to
be contradictory, although the results of the Spearman and
Kendall correlations indicate that ﬂood intensity corresponds
withprecipitationintensity: during1567–1575, whenprecip-
itation was abundant, ﬂood intensity was moderate; whereas
during 1590–1599, when little precipitation was recorded,
highly intense ﬂoods occurred (Figs. 2, 3, and 4).
The ﬂoods that occurred during the ﬁnal years of the 16th
century are well known. Benito et al. (2008) has listed
the period from 1590 to 1610 among those exhibiting the
largest ﬂoods within the Iberian Atlantic basins during the
last 300yr. This period was also characterised by severe
droughts, and Rodrigo et al. (2001) have recognised the im-
portance of the 1590s in the development of intense ﬂoods in
Andaluc´ ıa.
Numerous studies on the hydrology of Iberian basins, both
Atlantic and Mediterranean, highlight the association be-
tween periods of drought and ﬂoods. The usual explanation
for this pattern is based upon both the greater intensity of
single precipitation events and the inﬁltration capacity of the
hydro-environmental system following a prolonged period of
drought. The texts consulted indicate that the inter-annual
regularity of rainfall was lost during this period; therefore,
some years had continuous precipitation whereas others had
absolute drought. The intensity of precipitation events also
appears to have been greater during this period.
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Numerous studies conducted in Spanish experimental
basins (Garc´ ıa and Lopez-Bermudez, 2009) have shown that
surface runoff increases with the intensity of precipitation
events and with reduced capacity for soil inﬁltration result-
ing from previous rainfall, providing that land-use conditions
remain stable. Our database does not provide explicit infor-
mation on soil deterioration, but there are frequent reports
concerning the abandonment of croplands due to a lack of
resources. Due to debts, peasants would lose their farming
tools and would have no money to buy seeds. The texts also
contain many annotations related to the serious degradation
of pastures and natural vegetation. Thus, without any major
change in land uses, the region was subtly transformed due to
the abandonment of agriculture and livestock farming activi-
ties. It is not possible to know how these changes may have
inﬂuenced inﬁltration and run-off because the interactions
between land uses and ﬂoods are controversial and poorly
understood (Estrela et al., 2001; Hoffmann et al., 2010).
The hydro-meteorological events studied here coincided
with cold snaps that brought abundant episodes of snow and
ice (Bull´ on, 2008). Temperatures returned to normal during
the 1590s after 30yr of cold conditions. However, episodes
of intense cold continued to occur, as described by J. LHer-
mite in December of 1592 (LHermite, 1890): “In Almaz´ an,
very cold in this winter season affects us greatly, and we
therefore dare to say (in accordance with the opinion of oth-
ers) that it cannot be colder in Holland or Germany than it is
here, with continuous frosts and snows.” Consequently, the
decrease in precipitation was not associated with increased
evapotranspiration, as generally occurs during droughts in
the Iberian Peninsula. Also, the seasonal snow cover may
have partially fused with the perennial snowpack on high
mountaintops during the wettest and coldest years. The
corresponding amount of water released into river channels
upon the return to warmer conditions likely increased ﬂood
magnitudes. Similarly, the lesser ﬂood intensity during the
wet and cold period from 1565 to 1573 may have been due
to the retention of precipitated snow in the mountains.
5 Conclusions
Quantitative conversion of qualitative information from doc-
umentary sources reﬂects the hydrological and climatic
regimes of the study area. This study is representative of
the typical hydro-meteorological characteristics of the cen-
tral Iberian Peninsula during the time period analysed. Data
from the basins located to the north and south of the Iberian
Central System can be interpreted jointly because they re-
spond to a similar precipitation regime in a regional context.
The differences observed between the two basins are
mainly due to their different degrees of hydrographic com-
plexity, which is greater in the Tagus basin than in the Duero
basin. The greater aridity of the Tagus basin is offset by the
presence of rivers with larger ﬂows, resulting in more intense
and more frequent ﬂoods.
We differentiated three time periods that presented differ-
ent hydrological patterns. The ﬁrst period, from 1554 to
1575, exhibited regular precipitation, causing ﬂoods of low
intensity. The second period, from 1576 to 1584, was char-
acterised by low levels of precipitation and ﬂooding. The
third period, from 1585 to 1599, featured intense precipita-
tion with large ﬂoods alternating with severe droughts.
Although it is commonly accepted that the largest ﬂoods
in Iberian basins (both Atlantic and Mediterranean) occur
during times of drought, their high intensity during the ﬁnal
decade of the 16th century can be explained by an intense
precipitation regime with annual and inter-annual irregular-
ity. Increased surface runoff may also have played a role due
to modiﬁcation of the global hydric balance and due to the
cold snap that occurred during the same time period.
Acknowledgements. K. Lavougardos, J. C. Balasch and an anony-
mous referee are thanked for their reviews of the manuscript and
useful comments
Edited by: K. Lagouvardos
Reviewed by: J. C. Balasch Solanes and another
anonymous referee
References
Alonso, A., Franco, F., Garcia-Anton, M., Garzon, G., Gomez-
Manzaneque, F., and Morla, C.: Morphosedimentary and phy-
togeography reconstruction of the middle section of the river
Jarama (Madrid, Spain) during the second half of the Holocene,
Cadernos Laboratorio Xeoloxico de Laxe, 23, 71–88, 1988.
Barriendos, M. and Coeur, D.: Flood data reconstruction in histori-
cal times from non instrumental sources in Spain and France, in:
Systemtic, Palaeoﬂood and Historical Data for the improvement
of Flood Risk Estimation. CSIC, Centro de Ciencias Medioam-
bientales Ed., Madrid, 29–42, 2004.
Benito, G., Diez-Herrero, A., and de Villalta, M. F.: Magnitude and
frequency of ﬂooding in the Tagus basin (Central Spain) over the
last millennium, Climatic Change, 58(1–2), 171–192, 2003a.
Benito, G., Sope˜ na, A., S´ anchez-Moya, Y., Machado, M., and Perez
Gonzalez, A.: Palaeoﬂood record of the Tajus River (Central
Spain) during the Late Pleistocene and Holocene, Quatern. Sci.
Rev., 22, 1737–1756, 2003b.
Benito, G., Thorndycraft, V., Rico, M., Sanchez-Moya, Y., and
Sopena, A.: Palaeoﬂood and ﬂoodplain records from Spain:
Evidence for long-term climate variability and environmental
changes, Geomorphology ,01(1–2), 68–77, 2008.
Br´ azdil, R., Glaser, R., Dovrovolny, P., Antoine J., Camuffo, D.,
Deutsch, M. S., Guidoboni, E., Kotyza, O., and Rodrigo, F. S.:
Floods events of selected rivers in the sixteenth century, Climate
Change, 43, 239–285, 1999.
Br´ azdil, R., Kundzewicz, Z. W., and Benito, G.: Historical hydrol-
ogy for studying ﬂood risk in Europe, Hydrolog. Sci. J., 51(5),
739–764, 2006.
www.nat-hazards-earth-syst-sci.net/11/2215/2011/ Nat. Hazards Earth Syst. Sci., 11, 2215–2225, 20112224 T. Bull´ on: Relationships between precipitation and ﬂoods in the ﬂuvial basins
Br´ azdil, R., Pﬁster, C., Wanner, H., Storch, H., and Luterbacher, J.:
Historical Climatology in Europe – The State of the Art, Climatic
Change, 70, 363–430, 2005.
Br´ azdil, R., Pﬁster, C., Wanner, H., vonStorch, H., andLuterbacher,
J.: Historical climatology in Europe – the state of the art, Climate
Change, 70, 7–40, 2010.
Bull´ on, T.: Winter temperatures in the second half of the sixteenth
century in the central area of the Iberian Peninsula, Clim. Past,
4, 357–367, doi:10.5194/cp-4-357-2008, 2008.
Bull´ on, T.: Geomorphological values in historic and artistic envi-
ronment of Valsain Valley, Segovia, Trabajos de Geolog´ ıa, 26,
111–120, 2006.
Bull´ on, T.: Precipitacionesysequ´ ıasenlossiglosXVIaXVIIapar-
tir de datos documentales en un sector del centro de la Pen´ ınsula
Ib´ erica, Geograf´ ıa, Territorio y Paisaje, Universidad de Ciudad
Real, 1721–1732, 2009.
Dominguez-Castro, F., Santisteban, J., Barriendos, M., and Me-
diavilla, R.: Reconstruction of drought episodes for central
SpainfromrogationceremoniesrecordedattheToledoCathedral
from 1506 to 1900: A methodological approach, Global Planet.
Change, 63, 230–242, 2008.
Estrela, T., Menendea, M., Dimas, M., Marcuello, C., Rees, G.,
Cole, G., Weber, K., Grath, J., Leonard, J., Ovesen, N., and Fe-
her, J.: Sustainable water use in Europe part 3 Extreme hydro-
logical events: ﬂoods and droughts, Environmental issue report
no. 21, European Environmental Agency, 2001.
Gallego, M. S. and S´ anchez, M. A.: La destrucci´ on am-
biental del r´ ıo Tajo: or´ ıgenes, procesos y consecuencias.
V congreso ib´ erico sobre la gesti´ on y planiﬁcaci´ on del
agua. Faro, http://www.pornuestrosrios.org/documentacion/pdf/
articulos/destruccionambiental.pdf, 2006.
Garc´ ıa, J. and Lopez-Bermudez, F.: La erosi´ on del suelo en Espa˜ na,
Sociedad Espa˜ nola de Geomorfolog´ ıa, Zaragoza, 2009.
Garcia-Herrera, R., Konnen, G. P., Wheeler, D. A., Prieto, M.
R., Jones, P. D., and Koek, F. B.: CLIWOC: A climatological
database for the world’s oceans 1750–185, Climatic Change ,73
(1–2), 1–12, 2005.
Glaser, R.: Klimageschichte Mitteleuropas 1000 Jahre Wetter,
Klima, Katastrophen, Primus Verlag Darmstadt, 2001.
Glaser, R.: Klimageschichte Mitteleuropas 1200 Jahre Wetter,
Klima, Katastrophen, Primus Verlag Darmstadt, 2008.
Glaser, R., Brazdil, R., Pﬁster, C. Dovrovolny, P., Barriendos, M.,
Bokwa, A., Camuffo, D. Kotyza, O., Limanowka, D., Racz, L.,
and Rodrigo, F. S.: Seasonal tempertaure and precipitation ﬂuc-
tuations in selected parts of Europe during the sixteenth century,
Climatic Change, 43, 169–200, 1999.
Glaser, R., Riemann, D., Sch¨ onbein, J., Brazdil, R., Camuffo, D.,
Dobrovolny, P., Avan. E., Enzi, S., Halichove, M., Koenig, S.,
Kotyza, O., Limanovka, D., Mackova, J., Sghedoni, M., Martin,
B., and Himmelbach, I.: The variability of European ﬂoods since
AD 1500, Climatic Change, 101, doi:10.1007/s10584-010-9816-
7, 2010.
Hoffmann, T., Thorndycraft, V., Brown, A., Coulthard, T., Damnati,
B., Kale, V., Middelkoop, H., Notebaert, B., and Walling, D.:
Human impact on ﬂuvial regimes and sediment ﬂux during the
Holocene: Review and future research agenda, Global Planet.
Change, 87–98, 2010.
Kagan, R.: Spanish cities of the golden age: the views of Anton van
den Wyngaerde, University of California Press, Berkeley, 1989.
LHermite, J.: Le passetemps de Jehan Lhermite publi´ e d’apre´ es le
manuscrit original par Ch Ruelens conservateur ` a la Bibliotheque
Royal de Belgique, Antverpen J. E. Buschmann, 1890.
Llasat, M., Barriendos, M., Barrera, A., and Rigo, T.: Floods in
Catalonia (NE Spain) since the 14th century. Climatological and
meteorological aspects from historical documentary sources and
old instrumental records, J. Hydrology, 313, 32–47, 2005.
Lopez-Rey, D. and Yag¨ ue, C. : Floods in the province of Toledo
Meteorological analysis and social impact, F´ ısica de la Tierra,
21, 237–248, 2009.
Loureiro, J.: Efem´ erides hidrol´ ogicas Crecidas y sequ´ ıas hist´ oricas
en Portugal 1100–1900, Ingenier´ ıa Civil, 130, 115–118, 2003.
Luterbacher, J., Koenig, O., Franke, J., van der Schrier, G., Zorita,
E., Moberg, A., Jacobeit, J., Della-Marta, P., K¨ utel, M. , Xo-
plaki, E., Wheeler, E., Rutishauser, T., St¨ ossel, M., Wanner, H.,
Brazdil, R., Dovrovolny, P., Camuffo, D., Bertolin, C., van Enge-
len, A., Gonz´ alez-Rouco, F.,Wilson, R., Pﬁster, C., Limanovka,
D., Nordli, O., Leijonhufvud, L., S¨ oderberg, J., Allan, R., Bar-
riendos, M., Glaser, R., Riemann, D., Hao, Z., and Zere, C.: Cir-
culation dynamics and its inﬂuence on European and Mediter-
ranean January–April climate over the past half millennium: re-
sults and insights from instrumental data, documentary evidence
and coupled climate models, Climatic Change, 101, 201–234,
2010.
Martin-Vide, J. and Barriendos, M. : The use of rogation ceremony
records in climatic reconstructions: a case study from Catalonia
(Spain), Climatic Change, 30, 202–221, 1995.
Molina, P.: An´ alisis y comparaci´ on de la vegetaci´ on de las riberas
de los r´ ıos Ebro, Tajo y Jarama, UAM ediciones-CajaMadrid-
Obra Social, 2002.
Paredes, D., Trigo, R. M., Garcia-Herrera, R., and Trigo, I.: Under-
standing precipitation changes in Iberia in early spring: Weather
typing and storm-tracking approaches, J. Hydrometeorol., 7(1),
101–113, 2006.
Pauling, A., Luterbacher, J., Casty, C., and Wanner, H.: Five hun-
dred years of gridded high-resolution precipitation reconstruc-
tions over Europe and the connection to large-scale circulation,
Clim. Dynam., 26, 387–405, 2006.
Peinado-Lorca, M. and Rivas-Mart´ ınez, S.: La vegetaci´ on de
Espa˜ na, Colecci´ on Aula Abierta Universidad de Alcal´ a de
Henares Ed, 1987.
Pﬁster, C.: Klimageschichte der Schweiz 1525–1860 Das Klima
der Schweiz und seine Bedeutung in der Geschichte von
Bev¨ olkerung und Landwirtschaft, Verlag Paul Haupt Bern, 1984.
Pﬁster, C. and Brazdil, R.: Climatic variability in sixteenth century
Europe and its social dimension: a synthesis, Climatic Change
43, 55–110, 1999.
Rodrigo, F. S. and Barriendos, M.: Reconstruction of seasonal
and annual rainfall variability in the Iberian Peninsula (16th-
20th centuries) from documentary data, Global Planet. Change,
doi:10.1016/j.gloplacha.2007.09.004, 2007.
Rodrigo, F. S., Pozo-Vazquez, D., Esteban-Parra, M. J., and Castro-
Diez, Y.: A reconstruction of the winter North Atlantic Oscilla-
tionindexbacktoAD1501, J.Geophys.Res.-Atmos., 106(D14),
14805–14818, 2001.
Sousa, P. M., Trigo, R. M., Aizpurua, P., Nieto, R., Gimeno, L.,
and Garcia-Herrera, R.: Trends and extremes of drought indices
throughout the 20th century in the Mediterranean, Nat. Haz-
ards Earth Syst. Sci., 11, 33–51, doi:10.5194/nhess-11-33-2011,
Nat. Hazards Earth Syst. Sci., 11, 2215–2225, 2011 www.nat-hazards-earth-syst-sci.net/11/2215/2011/T. Bull´ on: Relationships between precipitation and ﬂoods in the ﬂuvial basins 2225
2011.
Thorndycraft, V. and Benito, G.: The Holocene ﬂuvial chronology
of Spain: evidence from a newly compiled radiocarbon database,
Quatern. Sci. Rev., 25 (3–4), 223–234, 2006.
Uribelarrea, D., Perez-Gonzalez, A., and Benito, G.: Channel
changes in the Jarama and Tagus rivers ( central Spain) over the
past 500 years, Quatern. Sci. Rev., 22, 2209–2221, 2003.
Zorita, E., Moberg, A., Leijonhufvud, L., Wilson, R., Br´ azdil, R.,
Dobrovoln´ y, P., Luterbacer, J., B¨ ohm, R., Pﬁster, C., Riemann,
D., Glaser, R., S¨ oderberg, J., and Gonzalez-Rouco, F.: European
temperature records of the past ﬁve centuries based on documen-
tary instrumental information compared to climate simulations,
Climatic Change, 101, 143–168, 2010.
www.nat-hazards-earth-syst-sci.net/11/2215/2011/ Nat. Hazards Earth Syst. Sci., 11, 2215–2225, 2011